A 64-year-old woman presented to the emergency department with a 12-day history of nausea, vomiting and diarrhea, along with a six-month history of progressive shortness of breath. Atrial fibrillation had been diagnosed seven months earlier, at which time she had started taking amiodarone (400 mg twice daily) and warfarin (1 mg daily). Her medical history included hypertension, peripheral vascular disease, degenerative disc disease and a 30-year history of smoking. Aside from amiodarone and warfarin, her medications included meloxicam (15 mg daily), oxycodone (as needed) and alendronate (70 mg weekly). In the preceding four days, she had started tetracycline (250 mg four times daily) for suspected respiratory tract infection and paroxetine (20 mg daily) for depression.
64-year-old woman presented to the emergency department with a 12-day history of nausea, vomiting and diarrhea, along with a six-month history of progressive shortness of breath. Atrial fibrillation had been diagnosed seven months earlier, at which time she had started taking amiodarone (400 mg twice daily) and warfarin (1 mg daily). Her medical history included hypertension, peripheral vascular disease, degenerative disc disease and a 30-year history of smoking. Aside from amiodarone and warfarin, her medications included meloxicam (15 mg daily), oxycodone (as needed) and alendronate (70 mg weekly). In the preceding four days, she had started tetracycline (250 mg four times daily) for suspected respiratory tract infection and paroxetine (20 mg daily) for depression.
Our patient was admitted to a community hospital for investigation of gastrointestinal complaints and dyspnea, described above. Shortly after admission, sinus bradycardia developed with ectopic beats and a prolonged corrected QT interval greater than 690 ms. Subsequent cardiac arrest caused by torsades de pointes required cardiopulmonary resuscitation and cardioversion. Abnormalities in her laboratory profile included the following: leukocyte count 12.7 (normal 4-10) × 10 9 /L, potassium level 3.1 (normal 3.5-5.0) mmol/L, alanine transaminase level 166 (normal ≤ 33) U/L, aspartate transaminase level 295 (normal < 32) U/L, alkaline phosphatase level 120 (normal 33-104) U/L and γ-glutamyltransferase level 84 (normal < 31) U/L. Her thyroid-stimulating hormone level was reduced at 0.182 (normal 0.27-4.20) mIU/L, with an elevated free thyroxine level of 38 (normal 10-24) pmol/L. Her chest radiograph showed prominent interstitial markings with a nodular opacity in the right upper lobe. Amiodarone toxicity was suspected in the differential diagnosis of pulmonary interstitial disease because of the constellation of hepatic, thyroid and electrophysiologic findings in the context of overexposure to amiodarone. She was transferred to the coronary care unit in our tertiary care hospital, where amiodarone was discontinued and an isoproterenol infusion started.
Our patient's stay in hospital was complicated by worsening shortness of breath and hypoxemia with high oxygen requirements. A computed tomographic scan of her thorax showed emphysema as well as dense consolidations in the right and left upper lobes, dense atelectasis in the lower lobes and dense attenuation of the liver, suggestive of amiodarone exposure and possible toxicity. Her thyroid studies and radioactive iodine uptake scan were consistent with amiodarone-induced hyperthyroidism, and she was given methimazole. Her liver enzymes returned to normal several weeks following the discontinuation of amiodarone.
Discussion
Our patient presented with multisystem amiodarone toxicity including cardiac, pulmonary, thyroid and hepatic toxicity following inadvertent continuation of her loading dose of amiodarone, 400 mg twice daily, for seven months; the usual loading period is seven days. Her total cumulative dose of amiodarone was greater than 170 g. Although serum amiodarone concentrations were not measured at the time of the initial presentation to hospital, blood drawn 10 months after the discontinuation of amiodarone still showed measurable concentrations of amiodarone at 0. 4 • Adherence to guidelines for baseline and follow-up monitoring for patients taking amiodarone is generally poor.
• Regular monitoring based on guidelines for efficacy and toxicity by a physician familiar with use of amiodarone is essential, with referral to a specialist as necessary.
• Although lower maintenance doses of amiodarone are considered safer, toxicity must still be considered when there is any change in the patient's condition.
(the therapeutic range for atrial fibrillation is 0.75-1.5 mg/L) and the metabolite, desethylamiodarone (DEA), at 0.9 mg/L (the therapeutic range for atrial fibrillation is 0.75-1.5 mg/L). Assuming a typical half-life of 56 days, the initial drug concentrations were calculated to exceed 10 mg/L, many times the therapeutic target.
Amiodarone is an antiarrhythmic agent with complex pharmacology and toxicology. Available in Canada since 1986, it remains the most widely used antiarrhythmic agent in the country. 1 An evaluation of antiarrhythmic use for patients with atrial fibrillation in Canada documented an increase in amiodarone use from 1.6% to 17.9% over the 16-year period from 1991 to 2007. 2 Atrial fibrillation affects about 250 000 Canadians. 3 Amiodarone is frequently initiated in a hospital environment but requires long-term monitoring of efficacy and adverse effects. This mandates some form of outpatient monitoring. Well-known potential adverse effects are listed in Table 1 [4] [5] [6] and can lead to discontinuation of therapy in up to
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CMAJ, September 6, 2011, 183(12) 18% of patients. 7 With long-term use, the prevalence of adverse effects can reach 50%, largely related to cumulative dose 5 and serum drug levels. 6 The severity of adverse effects related to amiodarone ranges from laboratory abnormalities without symptoms, mild to moderate symptoms (most commonly thyroid and pulmonary) to temporary or permanent disability. 8 
Risk factors for toxicity
Amiodarone has a number of unique pharmacokinetic and pharmacodynamic properties that contribute to its adverse effect profile and toxicity (Box 1). 4, 6, 9 Because of its large volume of distribution and long elimination half-life, amiodarone requires loading doses to achieve an initial effect in a reasonable time frame. Typically, after a 10-g loading dose divided over one week (intravenous or oral), the dose is decreased to a lower maintenance dose of 100-400 mg per day to produce safe steady-state conditions. 3 The risks of lung, thyroid and hepatic toxicity increase with higher maintenance and cumulative amiodarone doses. One study has reported that a 100-g increase in cumulative amiodarone dose is associated with a 44% increased risk of adverse drug events. 8 Pulmonary toxicity has been reported with maintenance doses greater than 200 mg per day 10 and increases with cumulative amiodarone doses greater than 100 g (odds ratio 10.29 [95% confidence interval 3.42-30.92]) compared with patients who received less than 100 g amiodarone. 11 Similarly, a cumulative amiodarone dose of more than 144 g has been related to a more than 10-fold increase in the risk of hyperthyroidism (odds ratio 12.9 [95% confidence interval 6.1-27.3]) compared with patients taking other antiarrhythmics. 12 Although hepatotoxicity has not been associated with cumulative dose, there is a relation with higher serum amiodarone concentrations (> 2.5 mg/L), with 7% of patients having alanine transaminase levels more than three times the upper normal limit. Interactions Treatment with amiodarone is also complicated by substantial drug interactions (Table 2) . • Long half-life (average 56 days)
• Large range in bioavailability across the population (30%-80%), with bioavailability increasing with coingestion of food
• Active metabolite with half-life longer than parent drug
• Large volume of distribution (around 66 L/kg)
• Highly lipophilic parent drug and metabolite accumulate in plasma, fat, muscle (including myocardial tissue), lungs, liver and skin with chronic use
• High iodine content with potential for unmasking thyroid abnormalities
• Potential for multiple drug interactions because of inhibition of cytochrome P450 enzymes and P-glycoprotein drug efflux transporter 
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Amiodarone is primarily metabolized in the liver by cytochrome P450 isozymes 3A4 to its active metabolite, DEA. 6 It is a potent inhibitor of cytochrome P450 1A2, 2C9, 2D6 and 3A4, and may interact with other drugs, such as digoxin, via inhibition of the P-glycoprotein membrane transport system, a drug efflux pump. 9 In general, interactions relate to changes in the concentration of the drug interacting with amiodarone and not changes in amiodarone concentration. This is a result of amiodarone's enormous volume of distribution. 6 Amiodarone concentrations and the potential for drug interactions persist for many weeks after discontinuation of the drug because of its long half-life of 56 days.
When amiodarone is combined with other medications such as β-blockers, calcium channel blockers and other antiarrhythmic drugs, the additive effects can result in adverse cardiovascular events including prolongation of the QT interval and subsequent proarrhythmia. Although both amiodarone and its metabolite, DEA, prolong the QT interval, the reported incidence of torsades de pointes is relatively low (1%), reported mostly in the context of bradycardia, hypokalemia, increases in drug dosage or drug interactions with other medications that prolong the QT interval (a list of drugs associated with prolongation of the QT interval is available at www.azcert.org/). 13 Therefore, starting new medications in a patient receiving amiodarone often requires reductions in drug dosage, monitoring of drug concentrations (e.g., digoxin, cyclosporine) or international normalized ratio (e.g., warfarin), or an electrocardiogram. 4 
Therapeutic drug monitoring
Although risk factors for amiodarone toxicity in various organ systems have been identified, 5 regular monitoring for adverse effects is still the cornerstone of follow-up care for patients taking this medication. Clinical practice guidelines for amiodarone monitoring have been published by the Heart Rhythm Society (formerly North American Society of Pacing and Electrophysiology) 5 and are summarized in Table 1 . Despite amiodarone's well-known toxicities and evidence that appropriate monitoring improves patient safety, adherence to monitoring guidelines for patients taking amiodarone is poor. 8 Two studies looked at adherence to recommended practice monitoring guidelines in US tertiary care hospitals. Adherence to complete baseline monitoring was as low as 11%, with adherence to follow-up monitoring at 13% 14 and only 9% of patients receiving all the recommended monitoring. 8 Errors in medication monitoring and lack of monitoring have been identified as common sources of preventable adverse drug events. One study found that one-third of adverse drug events related to amiodarone were preventable. 8 Serum amiodarone and DEA levels can be measured in many hospitals, with serious toxicity more commonly reported at concentrations greater than 2.5 mg/L. Although not routinely done, therapeutic drug monitoring of amiodarone levels has been shown to be useful, in particular for the prevention of hepatotoxicity, because elevations in liver transaminases are uncommon if serum concentrations are maintained at less than 1.5 mg/L. 6 There may also be a role for measuring amiodarone concentrations in the context of suspected toxicity or with recurrence of arrhythmia to determine if the drug should be titrated to reach a safe and effective range or simply discontinued.
5
The role of the medical team Preventing adverse events is the responsibility of all participants in patient care, including the initial prescribing physician, primary care and specialist physicians, and the pharmacist dispensing medications. Box 2 15 outlines principles to minimize adverse events when medications are prescribed.
Effective follow-up for prescription of new medications, especially those initiated in hospital, requires communication of explicit management goals to the primary care physician. A prospective multicentre study in Ontario showed that there is poor communication and exchange of information between physicians involved with the care of the same patient, leading to failure in continuity of care. 16 In another study, two-thirds of interactions between drugs or between drugs and diseases identified in primary care involved a drug initiated by a hospital physician. 17 Amiodarone remains a useful drug for treatment of atrial fibrillation, but like all drugs, it requires appropriate follow-up, monitoring for efficacy and safety, and patient education. Appro-
